Although solid-state lighting (SSL) products are often intended to have product lifetimes of 15 years or more, the rapid change in technology has created a need for accelerated life tests (ALTs) that can be performed in the span of several months. A critical element of interpreting results from any systems-level ALT is understanding of the impact of the test environment on each component. Because of its ubiquity in electronics, the use of temperature-humidity environments as potential ALTs for SSL luminaires was investigated. Results from testing of populations of three commercial 6" downlights in environments of 85 o C and 85% relative humidity (RH) and 75 o C and 75% RH are reported. These test environments were found to accelerate lumen depreciation of the entire luminaire optical system, including LEDs, lenses, and reflectors. The effects of aging were found to depend strongly on both the optical materials that were used and the design of the luminaire; this shows that the lumen maintenance behavior of SSL luminaires must be addressed at the optical systems level. Temperature-Humidity ALTs can be a useful test in understand lumainaire depreciation provided that proper consideration is given to the different aging rates of various materials. Since the impact of the temperature-humidity environment varies among components of the optical system, uniform aging of all system components in a single test is difficult to achieve.
1.

INTRODUCTION
New solid-state lighting (SSL) luminaires are being introduced into the market at a rapid rate. Two major driving factors for the rapid adoption of SSL products are increased energy efficiency and potentially longer operational lifetimes than previous lighting technologies. However, this creates a dilemma for the lighting industry: how to ensure the promised long-term reliability of a product that is constantly being refreshed with the latest technology.
For years, the electronics industry has sought to address this issue using accelerated life tests (ALTs) at the component and system levels. An example is the test method JESD22-A101C 1 which describes test methods consisting of constant exposure to 85 o C and 85% relative humidity (RH) (termed 85/85) while electrically cycling the device under test. A variety of similar ALTs have been adopted by the electronics industry and many electrical components used in SSL drivers, including capacitors, resistors, and integrated circuits, are subjected to such tests before the individual components are shipped. In addition, many LED manufacturers perform a variety of ALTs, including 85/85 on bare LEDs before product release.
However, ALT test results for SSL systems, whether lamps or luminaires, are rare. Pacific Northwest National Laboratory recently published a study on highly accelerated life testing (HALT) of the L-Prize lamps and found that the SSL product was extremely durable. 2 Likewise, RTI International is completing a HALT study of 6" downlights and also found that the SSL products were extremely durable. 3 A central tenet of this paper is whether temperature-humidity (T-H) exposure can be used as an effective ALT for entire luminaires. With the desire to reduce product test times, it is reasonable to examine higher temperatures in conjunction with high humidity. However, in performing such experiments it is essential that the impact of the temperature and humidity environment on each part of the luminaire be understood to avoid creating new failure modes during ALT.
MATERIALS AND PROCEDURES
Three commercially available 6" downlights were chosen for testing and populations of these luminaires were placed into the environmental chamber without further modification. Additional details on the luminaires are provided in Table  1 . Temperature and humidity environments were used to accelerate aging of the luminaires and common protocols from the electronics industry were followed. ALT tests under 85/85 followed procedures outlined in JESD22-A101C. This procedure calls for a continuous soak at 85/85 with electrical power to the luminaires cycled on and off at 1-hour intervals. This procedure was also followed for ALT tests performed under conditions of 75 o C and 75% RH (hereafter 75/75).
The T-H ALT procedure consisted of placing the luminaires under test in an environmental chamber (Tenney T20RC-2.0) set to a constant environment of 85 o C and 85% RH (or 75 o C and 75% RH for 75/75). Different luminaire populations were used in 85/85 and 75/75. After each 250-hour test, the luminaires were removed from the environmental chamber and their performance measured in a 65" integrating sphere using procedures outlined in LM-79. 4 All measurements of the 6" downlights were performed in the 2 configuration with the luminaires mounted on the exterior of the sphere. The luminaires were operated for a minimum of 1 hour prior to testing to allow thermal equilibration. During the measurements, corrections were made for zero level and self-absorbance as outlined in LM-79. Calibrations were performed using a National Institute of Standards and Technology (NIST)-traceable forward flux standard from Labsphere (Model Number FFS-100-1000). The test luminaires were returned to the environmental chamber after photometric testing for additional T-H exposure.
Testing was also performed on individual high-brightness LEDs using analogous procedures. For this test, LEDs similar to those used in Luminaires A and B were chosen because both luminaires use the same LED. The individual LEDs were mounted separately on a metal-core star board attached to a large heat sink. The LEDs were connected in series, with five LEDs on the heat sink. The heat sink and LED assembly was placed in the environment chamber for either 75/75 or 85/85 and the LEDs were powered by a driver that was kept external to the environmental chamber. For each of the two test conditions, the test population of LEDs consisted of 10 blue LEDs, 10 cool white LEDs, and 10 warm white LEDs. LEDs were operated at either 700 mA or 500 mA during testing, depending on the specifications of the individual LEDs and as guided by the currents used in luminaires being tested. After each round of testing, the individual LEDs were measured in a 10" integrating sphere using a 2 configuration with the LEDs and heat sink mounted external to the integrating sphere. This configuration allowed each LED to be measured separately. During the measurements, corrections were made for zero level and self-absorbance as outlined in LM-79. Calibrations were performed using a NIST-traceable forward flux standard from Labsphere (Model Number FFS-100-400).
To track the aging progression of the reflectors, lenses, and other components in the luminaires, spectroscopic measurements were performed at various times during the ALT studies. Both ultraviolet-visible (UV-VIS) and Fourier transform infrared (FTIR) spectroscopies were used to monitor changes in these materials during ALT.
Total transmittance and total reflectance measurements were performed using a Cary 5000 UV-Visible-NIR spectrometer in conjunction with the Cary Diffuse Reflectance Accessory (DRA). The DRA contains an integrating sphere that is coated with a highly reflective diffuse reflector. For reflectance, the system was calibrated using a calibrated Spectralon reference sample (Labsphere) traceable to NIST standards. All lens transmittance measurements were made with a double beam optical bench and sample blank and background corrections were made.
FTIR spectroscopy was used to identify some of the materials used in the luminaires tested during this work, particularly plastics. Spectra were acquired using the Attenuated Total Reflection (ATR) technique. A majority of the spectra were acquired using a Thermo Fisher Nicolet 6700 FTIR spectrometer in conjunction with a Thermo Fisher Nicolet "Smart Orbit" diamond ATR accessory. Identifications of materials were based on the FTIR spectral libraries installed in this FTIR system.
RESULTS AND DISCUSSION
Luminaire Testing Results
The present report focuses on the combined effects of temperature and humidity as a means to achieve accelerated aging of the Light Management System (LMS) in the luminaires. The overriding goal is to determine whether T-H environments are valid ALT methods for entire luminaires, and if so, begin to evaluate the impact of different T-H environments. An element of this study is to compare the performance of common luminaire materials under conditions of both 75/75 and 85/85. Further, when subjecting entire luminaires to an ALT, it is highly probable that the impact of the environment on component aging (and hence acceleration factors) may be different for each component of the luminaire. This necessitates an understanding of the behavior of different materials in various T-H environments. Because this study is focused solely on lumen maintenance of the LMS portion of the luminaire, no report is made on the impact of these environments on the luminaire driver circuit. However, as reported elsewhere, temperature and humidity have a significant effect on LED drivers and generally result in a catastrophic failure at a faster rate than the lumen depreciation of the LMS. 5 Other experiments showed that a test sequence different from the ones used here was particularly efficient for inducing failures in the electronic driver circuits used to power SSLs. 3 The performance of test populations of the three luminaires listed in Table 1 was measured in 85/85 and a different sample population of Luminaires A and C were measured in 75/75. The results for Luminaires A and B are shown in Figure 1 . The 85/85 test population for Luminaire A consisted of 11 samples and the 75/75 test population consisted of 10 samples. Luminaire A exhibited rapid lumen depreciation in 85/85, but a much more gradual lumen maintenance decline in 75/75. A linear regression model was used to study the decrease of lumen maintenance for Luminaire A from the 85/85 experiments. The linear slope of the model corresponds to decrease at rate -0.0197% per hour. Likewise, the slope of a linear model for the 75/75 data for Luminaire A is -0.0026% per hour, indicating that the rate of lumen depreciation is 7.6 times slower in 75/75 than in 85/85. Three samples of Luminaire B were also tested in 85/85, and as shown in Figure 1 , the lumen maintenance of this luminaire decreases to just below 0.90 by about 1000 hours of testing. Continued measurements show that the lumen maintenance of Luminaire B remains flat through 2,500 hours of testing. The measurements illustrated in Figure 1 show that the rates of lumen depreciation for Luminaire A and Luminaire B are distinctly different, even though those luminaires are exposed to similar conditions and use the same LEDs as light sources. This finding suggests that the most significant variable(s) in lumen depreciation of Luminaire A are components of the LMS other than the LEDs. Likewise, separate test populations of Luminaire C were aged in either 75/75 or 85/85, as shown in Figure 2 . Each test population consisted of 10 samples. As noted in Table 1 , Luminaire C uses a similar optical mixing cavity as Luminaire A. However, the LED type, reflector material, and lens material are different between the two luminaire designs. As shown in Figure 2 , the degradation in lumen maintenance observed in 75/75 and 85/85 were similar for Luminaire C. This finding provides further evidence that the materials used in the LMS can have a significant impact on lumen maintenance. To better understand the impact of component aging on the lumen maintenance of the LMS, each was tested individually under conditions of temperature, humidity, and high photon flux. Testing on individual LEDs was performed to measure their luminaire depreciation as a function of exposure to T-H stresses. These LEDs were tested separately from the luminaires to facilitate the measurement of individual LEDs. In addition, the reflectors and lenses used in the actual luminaires presented in Figures 1 and 2 were periodically removed from the luminaires for spectroscopic measurements and these results are presented below. The spectroscopic methods used to track aging of these components include measuring the total transmittance of the lenses and diffusers and measuring the reflectance of the materials comprising the optical mixer.
LED Testing Results
Individual LEDs were measured under 75/75 and 85/85 conditions to determine the degree to which LEDs contribute to the reduction in lumen maintenance of luminaires observed in 85/85 and 75/75 testing. Following 500 hours of 85/85, a group of 10 warm white LEDs, similar to those used in Luminaire A and Luminaire B, exhibited virtually no statistically significant change in lumen maintenance. Similar findings were also made for cool white LEDs. These results support observations during this study that other components of LMS can have a much more significant effect on the lumen maintenance than the LEDs (see section 3.5, below).
Lens Testing Results
An investigation of the impact of the ALT environment on the transmittance of the lenses used in the test luminaires was performed to understand the contribution of lens aging to luminaire light loss. Initially the UV-stabilized polycarbonate (PC) lenses used in Luminaire A exhibit high transmittance, as shown by the UV-VIS spectrum in Figure 3a . The optical system of this luminaire consists of both a clear lens and a separate diffuser film, but the results shown are only for the lenses. However, as exposure time in 85/85 increases, the transmittance in the region from 400 nm to 550 nm begins to decrease, indicating light absorption. As shown in Figure 3a , the PC lens transmittance exhibits a significant drop after only 1,250 hours of 85/85, which will reduce luminous flux output and may cause a color shift. The impact of the same 85/85 environment on the acrylic lenses used in Luminaire C is shown in the UV-VIS spectrum, Figure 3b . This luminaire uses a diffusing lens instead of a clear lens and diffuser film. The lens transmittance changes little over the course of the 85/85 exposure suggesting that aging of this lens will have minimal effect on luminous flux produced by the luminaire. To better understand the changes occurring in the PC lens during 85/85, the transmittance values at 475 nm and 550 nm are shown in Figure 4 for both 85/85 and 75/75 environments. The 85/85 environment greatly accelerated the loss of transmittance in the polycarbonate lens, and this effect was especially pronounced at shorter wavelengths. This loss of transmittance can be attributed to the oxidation of the polycarbonate lens in the humid ALT test environment based on previous literature studies. 6 In the 75/75 test environment, the rate of oxidation was lower and the loss in transmittance for the PC lens was more gradual.
The loss of transmittance of the UV-stabilized PC lenses can be attributed to the combined impact of moisture and highintensity light on the polymer. These effects result in the photo-oxidation of the lens likely to form phenylsalicylate. 7 Heat alone does not produce the same rate of oxidation, reinforcing the requirement that heat, humidity, and highintensity light are necessary for polycarbonate oxidation. However, as shown by the 75/75 results, reducing the temperature by only 10°C and the RH by 10% produces a significant reduction in the photo-oxidation rate. In contrast, the acrylic resin used in the lenses in samples of Luminaire B and C is much less susceptible to transmittance losses during ALT 8 and the performance changes only marginally during testing. 
Reflector Testing Results
Likewise, changes in the reflectors during ALT can also impact the luminous flux produced by the luminaire. Reflectance spectra of the materials used in the optical mixing cavities in Luminaires A and C are shown in Figure 5 . Both reflector materials exhibited high, flat reflectance profiles in the region from 430 nm to 800 nm before exposure to the temperature and humidity environment. However, the reflector material used in Luminaire A begins to absorb around 430 nm because of an additive in the material. The LEDs used in SSL luminaires have some radiant flux emission below 430 nm so a low level of light absorption at these wavelengths can be expected. In contrast, the reflector material used in Luminaire C has a much lower decrease in reflectance below 450 nm, indicating less light absorption in this spectral region. Reflectors from Luminaire A were found to discolor during 85/85. Figure 6 shows the total reflectance of a group of reflectors from the Luminaire A test populations. In this study, total reflectance is defined as the sum of diffuse and specular reflectances from the materials. The reflectance falls with increasing exposure to the test conditions; however, at a slower rate than that observed for the polycarbonate lenses. The difference in performance of the two reflector materials is a result of the differences in their composition. The reflector used in Luminaire A comprises a polymer resin with rutile-phase TiO 2 pigment to promote high light reflectance. The onset of light absorption near 430 nm (as indicated in Figure 5 ) is characteristic of rutile pigments. Because this reflector was observed to discolor only in regions directly in the light path, a photo-oxidation process is occurring and accounts for the discoloration. 5 This finding is consistent with literature studies that rutile pigments will act as a photocatalyst to oxidize polymeric materials, and the rate of the catalytic photo-oxidation will vary depending on the radiant flux and the chemistry of the base polymer. 9 Based on qualitative studies to date, the rate of photo-oxidation of acrylic-based paints containing TiO 2 pigments may be similar to that of some polymer resins containing similar pigments. 10 In contrast, the reflector used in Luminaire C did not contain an appreciable amount of TiO 2 as evidenced by the absence of the onset of the rutile absorption peak below 430 nm. This compositional difference likely accounts for the prolonged stability of this reflector material in 85/85.
Confirmation of Results
To confirm that the large amount of lumen depreciation observed for Luminaire A in 85/85 was a result of the combined degradation of the lens and reflector, these components were replaced just after measurement following 1,750 hours of 85/85 exposure with new lenses and reflectors. This substitution produced an immediate increase in the average light output of the luminaires from about 65% of its initial value using aged lenses and reflectors to about 86% for new lenses and reflectors for an increase of 21%. Further aging of these luminaires was performed in 85/85 without the reflector and lenses. Upon removal from 85/85, these components were reinserted into the luminaire prior to photometric testing, and the light output stayed relatively constant under these conditions. In addition, the lumen maintenance value for Luminaire A using new lenses and reflectors was similar to that found for Luminaire B, which has the same LED. These findings confirm the potential impact of lens and reflector degradation on lumen maintenance of SSL luminaires.
CONCLUSION
Two different temperature and humidity environments were compared in their ability to accelerate the aging of 6" downlights. By far, catastrophic failure of driver components was the dominant cause of failure in the luminaires, and will be addressed separately. However, this report is focused solely on the effects of these temperature and humidity environments on lumen maintenance in the LMS. The testing methods described in this report were found to accelerate lumen depreciation of components of a luminaire's optical system, including the LEDs, lenses, and reflectors. In some cases, lumen depreciation of the LED light source accounted for a small fraction of the total luminaire light loss in the test cases, while changes in the rest of the optical system dominated lumen depreciation. The effects of aging were found to depend strongly on both the optical materials that were used in the luminaire and the design of the luminaire, confirming that the lumen maintenance behavior of SSL luminaires must be addressed at the optical systems level, and that the aging characteristics of all components of a luminaire must be taken into account.
Although 75/75 and 85/85 T-H environments were found to be helpful in accelerating the simulated effects of aging in luminaires, the impact of any particular temperature and humidity on a specific material was found to vary depending on the material. Thus, acceleration factors are likely not the same for all materials under any particular T-H condition studied. Since the impact of the T-H environment varied among different components of the optical system, uniform aging of all system components would be difficult to achieve in a single test. This complicates interpretation of T-H ALTs of luminaires since some components, e.g., polycarbonate lens, may age significantly faster in a test than other components such as LEDs. Depending upon the goals of the ALT, this behavior may promote pursuing less aggressive ALT environments, such as switching from 85/85 to 75/75, in order to reduce excessive aging of some plastics. However, the trade-off will be that test times will increase whenever the test temperature and humidity are reduced. Alternatively, the plastics can be removed entirely from the luminaire during T-H ALTs and returned during photometric testing. 3 While both 75/75 and 85/85 provide valuable information on luminaire performance in an accelerated testing environment, the choice between the tests will ultimately depend upon the desired goals of the test.
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